Due to the abuse of antibiotics, antibiotic residues can be detected in both natural environment and various industrial products, posing threat to the environment and human health. Here we describe the design and implementation of an engineered Escherichia coli capable of degrading tetracycline (Tc)-one of the commonly used antibiotics once on humans and now on poultry, cattle and fisheries. A Tcdegrading enzyme, TetX, from the obligate anaerobe Bacteroides fragilis was cloned and recombinantly expressed in E. coli and fully characterized, including its K m and k cat value. We quantitatively evaluated its activity both in vitro and in vivo by UVeVis spectrometer and LC-MS. Moreover, we used a tetracycline inducible amplification circuit including T7 RNA polymerase and its specific promoter P T7 to enhance the expression level of TetX, and studied the dose-response of TetX under different inducer concentrations. Since the deployment of genetically modified organisms (GMOs) outside laboratory brings about safety concerns, it is necessary to explore the possibility of integrating a kill-switch. Toxin-Antitoxin (TA) systems were used to construct a mutually dependent host-plasmid platform and biocontainment systems in various academic and industrious situations. We selected nine TA systems from various bacteria strains and measured the toxicity of toxins (T) and the detoxifying activity of cognate antitoxins (A) to validate their potential to be used to build a kill-switch. These results prove the possibility of using engineered microorganisms to tackle antibiotic residues in environment efficiently and safely.
Introduction
Antibiotics are widely used in hospitals, animal husbandry and aquaculture industry to prevent bacterial infections and to boost growth. As a result, antibiotics remain in meat products [1e5], honey [5e14] and milk supplies throughout the world [15e20]. Waste water from above facilities is emitted into the environment [21] without proper treatment, thus leading to a large amount of environmental antibiotic residues. Many of the antibiotics are hard to be thoroughly decomposed in nature, and can be accumulated in the food chain [22] , posing threat to human and animal health, and contribute to antimicrobial resistance [23, 24] .
At present a number of methods and test kits are readily available to detect antibiotic residues from various sources, including biochemical methods [13] , chromatography [20, 25] , mass spectrum related technologies [5,7e10,12,14,18] , as well as microbial screening [2, 3, 26] . However, strategies for direct degradation of antibiotic residues are scarce. Most strategies currently available make use of chemical [27, 28] or physical methods [29, 30] with low specificity. As the use of antibiotics is unavoidable and hard to manage, it is imperative to develop methods to degrade antibiotic residues with high specificity and efficiency. Many antibioticsdegrading enzymes have been discovered and characterized, which are capable of degrading antibiotics with high efficiency and specificity [31] . Biological degradation of antibiotic residues provides a sustainable way to tackle this problem, with efficiency and safety problem yet to be solved in future studies.
To solve the problem of antibiotic residues, we constructed an engineered antibiotic degrading bacterium with the tools of synthetic biology that is expected to function in a given site like waste water treatment plants (WWTPs) or antibiotic factories. We chose tetracycline as an example in our design because it is one of the most abundant families of antibiotic used, the concentration of which ranges from 3.6e219.8 ng/L in water samples and 2.4e100 mg/kg in sediment samples [32] , and the concentration of tetracyclines in feedlot wastewater lagoons even reaches 294.0e376.1 mg/L [33] . Meanwhile, our system can be applied to various types of antibiotic through proper selection of antibiotic degrading enzymes.
Lying in the core of our system is the tetracycline degrading enzyme TetX. TetX monooxygenase is a naturally-existing tetracycline enzyme from Bacteroides fragilis coded by gene tet(X) [34] . Unlike other tetracycline resistant enzymes which either offer direct protection to ribosomes (TetM [35, 36] , TetO [36e38] , TetS [36] ) or pump tetracycline molecules out of bacteria cells (TetA, TetB [39e41], etc.). TetX as a tetracycline modification enzyme that has a wide substrate spectrum including tigecycline [42] , It has the ability to catalyze regio-specific hydroxylation at carbon 11a of tetracycline antibiotic molecules in the presence of FAD, NADPH, Mg 2þ , and O 2 . The resultant product 11a-hydroxy-tetracycline has no antibiotic activity and spontaneously decomposes rapidly into substances that are not easily identifiable in solutions of pH greater than 1 ( Supplementary Fig. S1 ) [34] . TetX was cloned and recombinantly expressed in E. coli and fully characterized, including its K m and k cat value. Furthermore, we constructed a genetic circuit to overexpress TetX in response to the concentration of tetracycline and evaluated its efficiency. A biocontainment system is necessary for using engineered bacteria outside laboratory. Biocontainment systems have been developed using several strategies, including auxotrophy [43, 44] , codon reassignment methods [45, 46] , the expression of toxic proteins [47, 48] , complex synthetic circuits [49] , and the combination of several methods [50] . We chose to use toxin-antitoxin (TA) systems from bacteria, a widespread system where the product of antitoxin gene serves as the antidote for the protein toxin [60] , as candidates for constructing a suicide module as a biocontainment system. We selected 9 toxin-antitoxin (TA) systems from various bacteria strains and measured the toxicity of toxins and the detoxifying activity of cognate antitoxins to validate their potentiality to be used to build a kill-switch. These results prove the possibility of using engineered microorganisms to tackle antibiotic residues in environment efficiently and safely.
Material and methods

Plasmids, bacterial strains and growth conditions
DNA encoding TetX was synthesized with codon optimized for E. coli expression, cloned to plasmid pET-22b(þ) with a hexahistidine tag at the carbon terminal, and subsequently transformed to E. coli BL21(DE3) strain for protein expression and purification.
When constructing the amplification circuit, typical enzymatic restriction digestion and ligation and 3A assembly [51] were used to assemble plasmids. Briefly, three distinct antibiotic resistance markers (3A) were used for upstream part, downstream part and destination vector. These parts were digested and ligated, after which antibiotic corresponding to the destination vector was used to select the desired clone. In this project, we first ligated a) the gene encoding Tetx-GFP fusion protein with T7 promoter and terminator; b) T7 RNA polymerase with tetracycline inducible promoter and terminator. Then, a) and b) were concatenated and ligated to backbone pSB1C3. TetX-GFP fusion protein was produced by overlapping polymerase chain reaction. All plasmids were assembled, amplified and tested using E. coli strain DH5a (Transgene Biotech CD201). DNA sequences were cloned into backbone pSB1C3 with chloramphenicol resistance before measurement.
Toxin genes of TA system 133, 134, 1198, 1204, 6249 were amplified by PCR from genomic DNA of corresponding bacteria strains (see Table 2 ), and that of 5980, 4222, 5693, 5694 were commercially synthesized according to the codon preference in E. coli. Antitoxin genes of that of 134, 1198, 1204, 6249 were amplified by PCR from genomic DNA of corresponding bacteria strains. Toxin genes and antitoxin genes were cloned to a pSB3A5 derived cloning vector p Tet and a pSB4C5 derived cloning vector P Tac , respectively, by Golden Gate assembly method [52] . These constructs are subsequently used to validate the toxicity of toxins genes and the detoxifying effects of antitoxin genes.
Plasmids with toxin genes were separately transformed into E. coli strains Trans5a and TOP10 for characterization.
Bacteria were grown in LB broth or on LB agar plate with corresponding antibiotics at 37 C, unless otherwise specified.
All the plasmids and host strains used in this experiment are listed in Table 1 .
Protein expression and purification
TetX expression vector is derived from pET-22b(þ), in order to use immobilized metal ion affinity chromatography (IMAC) to conduct histidine-tagged recombinant protein purification. TetX expression was induced by addition of 1 mM IPTG when OD 600 was Table 1 Summary of plasmids and host strains used in this experiment.
Plasmid Backbone Promoter Downstream Gene Host Strain
Degradation system 
Solid phase extraction for tetracycline
The HLB SPE column (SupeleSelect SPE, SUPELCO) was washed with 5 mL ddH2O for 2 times. 5 mL sample d the centrifuged M9 minimal culture medium d was loaded on to the HLB column. Use the plunger from a 2 mL disposable syringe to exert a positive pressure on to the column to elute the sample solution. Extracted droplets are reloaded on to the column and extracted for the second time. The HLB column was washed with ddH2O for 2 times. Tetracycline was eluted with 1 mL Dimethylformamide (DMF).
LC-MS analysis for tetracycline
Waters LC-MS system was used to quantify the amount of tetracycline residues in samples extracted by SPE. MS is first performed to analyze the samples and specimens with m/z 455 is identified as tetracycline. LC is subsequently performed (running time: 12 min, seal wash period: 5 min, solvent A: 0.1% Trifluoroacetic acid (TFA) in MeOH solvent B: 0.1% Trifluoroacetic acid (TFA) in water, program: A/B: 5%/95% at 0 min and 2 min, 40%/60% at 2.10 min, 70%/30% at 8 min, 90%/10% at 8.10 min and 12 min). Tetracycline is expected to have a retention time of 6.72 min. Peak area is integrated and compared with standard samples as the relative amount of tetracycline.
Characterization of the amplification circuit
The measurement was done using BioTek Cytation 3 microplate detector and PerkinElmer ViewPlate-96 (6005181) microplate. Each well was filled with 147.5 mL LB containing chloramphenicol and tetracycline/anhydrotetracycline. 1.5 mL bacteria solution with an OD600 of 1.0 was transferred to the corresponding well. The microplate was incubated at 37 C with shaking rotor for 12 h in the microplate detector. The detector measured the fluorescence intensity and the OD600 of each well every 10 min.
Characterization of the TA systems
Each TA system was validated by measuring growth curves of bacteria containing empty vector or plasmid with toxins. A single colony or 10 mL of frozen bacteria were used to inoculate 400 mL LB liquid medium with corresponding antibiotic and the culture was incubated at 37 C for 12e14 h. The overnight culture was diluted using LB medium without aTc for 10 times. 150 mL of LB containing 1.7 mg/mL aTc was added to a 96-well microplate (costar 3599).
Only the central 60 wells were used in order to prevent evaporation, and the surrounding 36 wells were filled with 150 mL of LB medium to buffer this effect. Add 1.5 mL of diluted bacteria medium to the wells, furthering diluting them by 100 times. Growth curves were measured by BioTek Cytation ™ 3 microplate spectrophotometer. The program was set as follows: Incubate at 37 C for 10 h and shake linearly, during which the value of OD 600 was measured every 10 min. Each experiment was done in triplicate.
Results and discussion
TetX degrades tetracycline with high efficiency
TetX is a flavin-dependent monooxygenase capable of degrading tetracycline and its analogs. tet(X), the gene encodes TetX, was synthesized and cloned into pET-22b(þ) with a C-terminal hexahistidine tag. TetX was expressed in E. coli and purified by metal affinity chromatography (Supplementary Fig. S2) . [34, 53] .
Since the K m of TetX is much higher than Tc concentrations in the environment, future engineering of the enzyme is needed to use it in treating environmental water.
To test whether TetX can degrade Tc in vivo, we cloned tet(X) into plasmid pET-22b(þ) and tet(X)-gfp under P Tet promoter into pSB1C3 plasmid backbone, and transformed the plasmids into E. coli BL21(DE3) and DH5a respectively. Gene transcription is turned on in absence of P Tet 's repressor, TetR. After plasmid transformation, BL21(DE3) strain could survive up to 50 mg/mL of Tc with expression of TetX, and DH5a strain could survive up to 20 mg/mL of Tc with expression of TetX-GFP fusion protein (Fig. 1) . Furthermore, the expression of TetX-GFP fusion protein leads to a 27% reduction of absorbance at 360 nm in M9 minimal culture medium after 6 h incubation, compared with control group (Supplementary Fig. S6 ). The aforementioned validation tests both indicate TetX and TetX-GFP fusion protein can actively reduce the concentration of Tc in vivo.
To further quantify the in vivo degradation efficiency of TetX, we extracted the Tc residues from E. coli after 19 h of incubation by solid-phase extraction. The concentrated tetracycline was resolved in dimethyl formamide for the analysis by LC-MS, which demonstrates that the tetracycline residues extracted from the culture medium with E. coli expressing TetX are reduced to 1.60% of that in control group without expression of TetX (Supplementary Fig. S7 ).
The tetracycline inducible amplification circuit increases the expression level of downstream gene
To increase expression level of TetX, we constructed an amplification circuit by introducing T7 RNA polymerase and its specific promoter P T7 , a strong promoter [54] . To implement the inducible transcription of TetX based on the concentration of Tc, we utilized a Tc inducible transcriptional repressor TetR and its operator, P Tet [55] to regulate the expression of T7 RNA polymerase. TetX was fused with GFP to enable the visualization and quantification of the amount of protein by fluorescence (Fig. 2) . Known for its high transcription activity, we expected that the expression level of TetX to be significantly higher under P T7 compared to the control design where TetX is controlled only by P Tet .
As shown in Fig. 3 , E. coli in the experiment group produces a larger amount of TetX-GFP (reflected by fluorescence intensity) than those in the control groups in the same period of time at different concentration of Tc (Fig. 3-(a), (c), (e) ). Besides, when toxic Tc is added to the culture, E. coli in the experiment group grows better than those in the control group (Fig. 3-(b) , (d), (f)), which suggests it degrades Tc so efficiently that its growth is less influenced by Tc's toxicity.
Toxins showed various levels of growth arrest in E. coli Trans5a and TOP10
Toxins and antitoxins in Type II TA systems are both small proteins. The expression of toxin inhibits the growth of bacteria through interfering with essential biological processes like DNA synthesis [56] and mRNA stability [57] , which can be sequestrated by corresponding antitoxin through specific binding to the toxin protein. The interaction between a toxin and the cognate antitoxin makes them an ideal pair to be repurposed and fine-tuned. Although TA systems are prevalent in prokaryotes and their orthologs widely exist in different organisms, the effect on growth varies between closely related bacterial species and strains, making it necessary to screen a wide range of TA systems.
In an ideal suicide module, the toxicity of toxin should not only be sufficient to inhibit bacteria growth, but is also required to be effectively counter-balanced by cognate antitoxin. In addition, as toxin imposes a strong selective pressure on bacteria cells, mutations that occur in toxin gene could lead to its loss of function, disrupting the action of the suicide module. Thus, TA systems suitable for building a suicide module are expected to have low mutation rate.
To identify fitting TA systems for constructing a suicide module in E. coli, we selected 9 TA systems from six different organisms to test their effects on bacteria growth (Table 2 ). TAs ID refers to the exclusive number assigned to each TA system in Toxin-Antitoxin Database (TADB) [58] , and was used to denote different TA systems later in this study. Toxins and antitoxins would be denoted using T or A followed by their corresponding TAs ID later, such as T134 and A134. No TA systems were selected from E. coli to prevent interference of endogenous genes on the genome. Toxin genes were cloned to a pSB3A5 derived plasmid under the control of P Tet promoter. We then measured the growth curves of E. coli Trans5a or TOP10 strains containing either empty vector or plasmid with a toxin gene when fully induced with 1.7 mg/mL of aTc at the beginning of incubation. As presented in Fig. 4-(a) and (b) , T134, T1204, T6249 are toxic to both E. coli Trans5a and TOP10 strains, inhibiting the growth of bacteria significantly when expressed. T4222 showed stronger growth inhibition in Trans5a than in TOP10, and toxin T133, T1198, T5693, T5694, T5980 had no significant toxic activity in either strains (Supplementary Fig. S8 ).
Cognate antitoxins counteract toxin activity
Since T134, T1204 and T6249 showed a high level of toxicity in both Trans5a and TOP10 strains, we further studied the interaction between them and corresponding antitoxins, which were cloned to a pSB4C5 derived plasmid, downstream of a P Tac promoter. We measured growth of E. coli Trans5a co-transformed with a P Tet / toxin and its cognate P Tac /antitoxin plasmids. Firstly, as Fig. 5-(a) presents, when the toxin expression was induced by 1.7 mg/mL of aTc at the beginning of incubation, the bacteria growth was impeded. Upon addition of 0.8 mM of IPTG to induce the expression of antitoxin after four hours of incubation, growth inhibition was relieved for T134 and T1204 after 0.5 and 5 h, respectively. On the contrary, when higher concentration of aTc (5 mg/mL) was used to induce toxins, antitoxins were only capable of lifting growth inhibition only if their expression induced simultaneously with toxins, instead of four hours later (Fig. 5-(b) ). These results suggested that A134, A1204 and A6249 can only neutralize their cognate toxins that are at a lower expression level. Therefore, carefully tuning the expression level of toxin and antitoxin proteins is necessary for the function of suicide system. The tetracycline sensing protein is constitutively expressed, and specifically binds to P Tet promoter to suppress the transcription of T7 rnap. T7 RNAP is a high activity DNA transcriptase recognizing P T7 promoter, to which tetX-gfp gene is downstream. P con : a constantly-expressing promoter; P Tet : tetracycline inducible promoter; T7 rnap: T7 RNA polymerase; P T7 : T7 RNA polymerase specific promoter; TetX-GFP: T: terminator; DT: double terminators.
Conclusion
Finding pragmatic ways to deal with antibiotic residues has already become an imminent issue. Here we report the design of the bacteria that degrades tetracycline, to which there are mainly three parts: the degrading enzyme TetX, an amplification circuit and a suicide module. To begin with, we comprehensively characterized the ability of TetX to degrade tetracycline, and assessed its in vivo degrading efficiency quantitatively. In accordance with previous studies on other types of antibiotics belonging to the tetracycline family [42] , TetX has the ability to decompose tetracycline with a Km of 48.93 mM. The Km of TetX is far above the tetracycline concentration in the environment (0.005e0.5 nM), making it necessary to increase substrate affinity of TetX through protein engineering or to implement a tetracycline concentrating mechanism in the bacteria in the future. We also gathered a collection of degradation enzymes for five other major categories of antibiotics in order to expand the applicable range of our system (Table 3) . Therefore, by substituting the degradation enzyme and antibiotic responsive promoter, we can apply this system to degradation of any other antibiotics with mass production and utilization.
Next, as modularity is one of the key concepts in synthetic biology, we designed a tetracycline inducible, T7 RNAP-based amplification circuit, enabling the utilization of our degrading system in E. coli strains other than BL21(DE3). By measuring the fluorescence intensity of TetX-GFP fusion protein, we proved that the amplification circuit posed minimal pressure to the growth of bacteria cells while significantly enhanced the expression level of TetX-GFP. In addition, the circuit was able to respond to various tetracycline concentrations in the environment accordingly. Finally, we evaluated the toxicity and detoxifying function of 9 selected TA systems for their potentiality to construct a suicide module. 3 out of 9 TA systems tested greatly inhibited growth when over-expressed in both E. coli Trans5a and TOP10 strains, whilst other three toxins exhibited alleviated toxicity in TOP10 strain. To our best knowledge, the actual biological functions of TA systems 133, 1204, 6249, 1198, 4222, 5693, 5694, 5980 have not been biologically verified until in this research. This shall help better understanding of the nature and properties of the large pool of TA systems in prokaryotic organisms. Fig. 4-(a) ). TOP10 cells expressing T4222 started to grow after approximate 200 min of induction, and continued growing until 500 min, when the value of OD 600 reached 0.9. Error bars represent SD; n ¼ 3. Our study presents promising results in the three separated parts to it, but we acknowledge that it remains a challenge to integrate those parts together. The biggest hurdle is to combine the suicide module with the amplification circuit. The performance of the two systems is expected to be coupled by the concentration of tetracycline, to which the amount of antitoxin and TetX produced is positively related. Toxin would be constitutively expressed, thus inhibiting the growth of bacteria when the tetracycline concentration is lower than a threshold. However, the actual implementation of this enticing design can be challenging, requiring precise tuning of the relative abundance of toxin, antitoxin and T7 RNAP to figure out a balance that maximize the degradation ability and best prevent the unwanted proliferation of the genetically modified organism (GMO) at the same time. Possible solutions lie in selecting the copy numbers of plasmids, RBS strength and promoter activities, which can be laborious.
